Despite the outstanding scintillation performance characteristics of cerium tribromide (CeBr 3 ) and cerium-activated lanthanum tribromide (LaBr 3 :Ce), their commercial availability and application is limited due to the difficulties of growing large, crack-free single crystals from these fragile materials. The objective of this investigation was to employ aliovalent doping to increase crystal strength while maintaining the optical properties of the crystal. One divalent dopant (Ca 2+ ) was investigated as a dopant to strengthen CeBr 3 without negatively impacting scintillation performance. Ingots containing nominal concentrations of 1.9% of the Ca 2+ dopant were grown. Preliminary scintillation measurements are presented for this aliovalently doped scintillator. Ca 2+ -doped CeBr 3 exhibited little or no change in the peak fluorescence emission for 371 nm optical excitation for CeBr 3 . The structural, electronic, and optical properties of CeBr 3 crystals were investigated using the density functional theory within generalized gradient approximation. The calculated lattice parameters are in good agreement with the experimental data. The energy band structures and density of states were obtained. The optical properties of CeBr 3 , including the dielectric function, were calculated.
high-energy physics and positron emission tomography, as well as some chemical processes involved in the nuclear industry [11] . The structural, electronic, and optical properties of cerium trifluoride (CeF 3 ) have been extensively investigated using both experimental and theoretical methods [12] [13] [14] [15] [16] . CeBr 3 shows preferable optical and scintillation properties, for example, it has a higher light yield [8, 17] .
CeBr 3 is a self-activated lanthanide scintillator that has received considerable recent attention [8] due to its linearity of light output with photon energy; also, its high energy resolution for gamma spectroscopy is far superior to that of NaI:Tl. Because the material possesses no intrinsic radioactivity, CeBr 3 has high potential to outperform scintillators such as LaBr 3 :Ce or lanthanum-based elpasolites [18] , making it an excellent candidate for gamma spectroscopy [19, 20] . However, due to its hexagonal crystal structure (space group P6 3 /m, prototype structure UCl 3 ), pure CeBr 3 can fracture during crystal growth, detector fabrication, and subsequent field use. [The International Hermann-Mauguin notation used here represents the symmetry elements in point groups, plane groups, and space groups. The space group P6 3 /m denotes a hexagonal dipyramidal crystal structure. The "P" is the Bravais lattice notation indicative of a Primitive (P) lattice, which has lattice points on the cell corners only. The "6/m" is one of the possible 7 hexagonal Point Group structures, denoting 6 mirror planes of symmetry. The subscript "3" is the screw axes notation that represents the degree of translation, showing how far along the axis a translation is after each rotation, as a portion of the parallel lattice vector to recreate the original lattice. Therefore, 6 3 is a six-fold rotation followed by a translation of 3/6 of the lattice vector that is required to restore the original lattice. The prototype structure notation denotes coordination geometry identical to uranium trichloride (UCl 3 ).]
Because the crystal fractures easily, manufacturing yield is low and the reliability of large crystals is questionable [21] . Therefore, significant gains in the practical scale for CeBr 3 scintillators will be realized by increasing fracture toughness of the crystals [2] . Aliovalent substitution, in which a host ion is replaced with an ion of different valence (e.g., Ca
2+ for Ce 3+ in CeBr 3 ) is a more potent method of strengthening compared to isovalent substitution (i.e., replacing a fraction of ions with like-valence ions). In this approach, the formation of intrinsic defects necessary to maintain charge neutrality results in complexes with long-range interactions in the crystal. The resulting increase in hardening rate can be explained in terms of elastic interaction with dislocations [22] .
Electronic valence effects exert a powerful influence on material and optical properties. In particular, aliovalent substitution (making dilute alloys by substituting atoms of a different valence) has improved a variety of technological applications such as gadolinium titanate (Gd 2 Ti 2 O 7 ) ion conductors for solid fuel cells, gallium indium oxide (GaInO 3 ) transparent conductors for solar cells, rechargeable batteries, thermoelectric devices, lead zirconate titanate (Pb[Zr (x) Ti (1-x) ]O 3 ), or piezoelectric, ceramics, and cubic zirconium dioxide (ZrO 2 ) crystals. These improvements, however, are far from optimum because the fundamental aliovalent mechanisms are largely unknown. Within the arena of scintillating materials, CeBr 3 single crystals have shown superior scintillating properties, and large CeBr 3 crystals critically enable improved identification of radioisotopes. Unfortunately, CeBr 3 crystals are very prone to fracture. Fracture during device testing and implementation leads to catastrophic failures. Fracture during synthesis complicates the growth of large CeBr 3 crystals needed to identify radioisotopes, and it accounts for the high production cost that is preventing large-scale deployment required by homeland security efforts. Aliovalent substitution was found to strengthen the material without significantly degrading the scintillating properties [2] . An optimized material design, however, has not been achieved due to a large number of possible aliovalent combinations. Most empirical atomistic simulations can approximately account for charge variation but not electronic valence effects. These simplistic simulations cannot correctly reveal aliovalent phenomena such as the valence-compensating interstitials or vacancies.
From a theoretical point of view, one would like to explore a computational design beforehand to predict the effect of aliovalent doping on the mechanical and optical properties of these materials before they are used in experiments. Indeed, in previous theoretical studies [23, 24] it was shown that first-principles-based approaches were necessary to accurately predict effects due to defects and radiation. Although there has been great progress in resolution-of-theidentity techniques for computationally intensive coupled cluster methods (described briefly in the Theoretical Background section below), these wavefunction-based approaches are still computationally much more demanding than density functional theory (DFT) methods. Our DFT results for both the pure CeBr 3 primitive cell and the (divalent) calcium-doped "supercell," which includes 200 atoms and well over 1000 electrons, were based on spin-polarized, generalized gradient approximation (GGA) methods [25] [26] [27] using Projector-Augmented-Wave (PAW) pseudopotentials [28] . During this study, it was discovered that the inclusion of a Hubbard U DFT correction [29, 30] 
Theoretical Background
In this work, state-of-the-art DFT+U approaches were carried out (even beyond standard DFT) for obtaining electronic and optical properties for a Ca 2+ -doped CeBr 3 bulk material. The intent is not to resolve the many open questions regarding how best to formulate exchange-correlation functionals or provide universal benchmarks for universal material systems. Rather, the calculations are presented to demonstrate that the DFT+U formalism offers an efficient and accurate approach for describing the electronic and optical properties in these novel scintillating materials.
In this work, aliovalent strengthening and the optical properties of Ca 2+ -doped CeBr 3 using state-of-the-art, large-scale, quantum mechanical simulations are explored. These simulations go far beyond the current state of the art by incorporating valence and variable charge effects for both the cohesive energies and optical properties of this doped compound. The work leads to an understanding that affects a wide spectrum of materials of U.S. Department of Homeland Security (DHS) and the U.S. Department of Energy National Nuclear Security Administration interests, as mentioned above. In particular, it leads to a systematic design criterion that can optimize the radiation detection materials explored by DHS.
DFT calculations were performed to discern the optical properties of the Ca 2+ -doped CeBr 3 compound. Introducing the Ca 2+ dopant ( Figure 1a ) resulted in calculations that provided valuable insight to the increase in crystal strength. These calculations may be used to compare the differences of doping with different dopants or their concentrations and to calculate the optical properties of the resultant crystals. One must accurately account for the electron densities over the space of the crystal. To do this accurately, the calculations were made for a "supercell" of 200 atoms with well over 1000 electrons ( Figure 1 ). In addition, the electron density of states was calculated. If there is a crystal defect, or an atomic substitution, then the electron density of states will change, leading to different results. The presence of a Ca 2+ dopant can significantly affect electronic properties by distorting the electronic charge density near the Ca 2+ atom ( Figure 2 ). The DFT results for both the pure CeBr 3 primitive cell and the (divalent) Ca 2+ -doped supercell were based on spinpolarized, generalized gradient approximation (GGA) methods using Projector-Augmented-Wave pseudopotentials [28] calculated by the Vienna Ab-initio Simulation Package (VASP) [31] . It was found that the inclusion of a Hubbard DFT correction, DFT+U, was essential for obtaining accurate band structures and band gaps. This novel DFT+U method was used to support experimental efforts in understanding both the structural and electronic properties of aliovalently doped CeBr 3 materials. This formalism is essential for the Ce-based materials studied here, as conventional GGAs fail to describe systems with localized (strongly correlated) d and f electrons, which manifests itself in the form of unrealistic one-electron energies due to spurious self-interaction. This approach has been further modified and applied in many [32] and Dudarev [33] . In this work, the rotationally invariant approach by Dudarev is used because the effective on-site Coulomb and exchange parameters (U and J) do not enter separately, and only their difference (U -J) is required.
Within the Hubbard DFT approach, an on-site penalty function is placed on the f electrons for each of the cerium (Ce) atoms to prevent spurious over-delocalization of the electrons. Based on benchmarks for Ce 3+ ions, the Hubbard value (U) for our DFT studies was set at 4.5 eV. For the initial study of the primitive cell, a very high cutoff energy of 400 eV was used for the plane-wave basis set, and the Brillouin zone was sampled using a dense 8 × 8 × 8 gamma-centered Monkhorst-Pack grid. In addition to spin-polarization and dispersion effects, a relativistic spin-orbit coupling treatment was used for the valence electrons in the bulk-lattice calculations. Geometry optimizations of both the ions and the unit cell were carried out. The results of the DFT modeling performed at Sandia National Laboratories suggested that a 1.9% substitution would result in a suitable combination of crystalline structural properties, increased strengthening of the lattice, and metrics for optical properties and emission spectra. The Fermi levels that result at different points in the lattice are also different because of the aliovalent substitution. 
Structure Determination and Electronic Properties
CeBr 3 has a hexagonal structure with space group P6 3 /m, where cerium and halide occupy 2(a) in (1/3, 2/3, 1/4) and 6(h) in (0.375, 0.292, 1/4) sites, respectively [17, 34, 35] . Our calculated structures are in reasonable agreement with experiments [34] [35] [36] [37] . The electronic structures of CeBr 3 at their equilibrium structures were calculated. The energy band structure of CeBr 3 is shown in Figure 3 . The zero energy is arbitrarily taken at the Fermi level. The lowest bands around −36 eV consist of 5s states of Ce. The Ce 5p states are located at around −19 eV. The bands around −16 eV are derived from the 4s states of Br. The energy bands in the range from −6 to −2 eV correspond to the 4p states of Br that decide the top of the valence band. These results are in agreement with CeCl 3 experimental data [17] . Above the Fermi level, the conduction band consists of the 4f and 5d states of Ce. The 4f states have a sharp peak due to the strong localization character of the 4f states. If the 4f electron is kept in the core, the calculated result agrees with other experiments [17, 38] . 
RESULTS AND DISCUSSION

Detectors
In 2012, in support of a Nevada National Security Site (NNSS) Directed Research and Development (SDRD) project, Radiation Monitoring Devices, Inc. (RMD) was commissioned by RSL to build a CeBr 3 crystal alloy detector with 2% substitution using the Ca 2+ cation. RMD grew a 1-inch-diameter CeBr 3 crystal with 1.9% calcium dibromide (CaBr 2 ), as requested. The vertical Bridgman was used as the crystal growth technique. Materials were purified prior to crystal growth. The charge composition was 222.14 g of CeBr 3 and 2.26 g of CaBr 2 . The resulting crystal is polycrystalline white but transparent. The crystal structure is columnar or filament like. When RMD cut the crystal, it fell apart. Smaller crystallites were easily separated from the bulk. Samples were then harvested from each ingot as available and tested for fluorescence and scintillation. The detector crystals produced are shown in Figure 4 . The small crystallites are clear and transparent, but the large sections of crystal are translucent or whitish-opaque. Small crystallites are typically ~2 to 3 mm wide and 10 mm or more in length. Adding 500 ppm calcium in a prior run (in 2009) did not appear to have a significant impact on the performance; however, there was no cracking of that ingot. In neither run has the calcium concentration in the final ingot been measured. This investigation involved measurement of the light output, the emission spectrum, and the fluorescent decay time of the crystals. Preliminary results for a select set of samples from the as-grown ingots were obtained. Fluorescence emission curves were recorded to determine the effect of the solute cation on the emission wavelengths of the base compound CeBr3. Initial scintillation characterization was completed as well. The small crystallites were also tested for scintillation properties.
Pulse Shape
The time profiles of the CeBr 3 :Ca 2+ crystals grown at RMD were characterized. A CAEN digitizer DT5720 was employed to collect raw anode pulses from the photomultiplier tube (PMT), as opposed to the previously used delayed coincidence method [39] . During measurements, samples were coupled to a PMT and irradiated with gamma rays. Figure 5 shows the decay-time spectrum recorded for a CeBr 3 :Ca 2+ sample along with a fit (to an exponential rise and decay time plus a constant background) to the data. The pulse shape has two components as seen in Figure 5 . The second pulse in Figure 5 is an artifact; it is an after pulse from the PMT. The decay constant for the fast component is ~21 ns. The 21 ns decay component can be attributed to optical emission arising from direct capture of electron-hole pairs at the Ce 3+ sites [8] . The rise time of the scintillation pulse from CeBr 3 :Ca 2+ is estimated to be ~0.1 ns using the data shown in Figure 5 . The initial photon intensity, a figure of merit for timing applications, is estimated to be ~4,000 photons/ (ns-MeV) for CeBr 3 :Ca 2+ , which is higher, compared to all common inorganic scintillators (including BaF 2 , a benchmark for timing applications). 
Fluorescence Measurements
The emission spectrum of the CeBr 3 :Ca 2+ scintillator was measured. Fluorimetry and preliminary scintillation are presented here for this aliovalently doped scintillator. The CeBr 3 :Ca 2+ samples were excited with radiation from a Philips x-ray tube having a Cu target, with power settings of 40 kVp and 20 mA. The scintillation light was passed through a McPherson monochromator and detected by a Hamamatsu R2059 PMT with a quartz window. The system was calibrated with a standard light source to enable correction for sensitivity variations as a function of wavelength. A normalized emission spectrum for the CeBr 3 :Ca 2+ (2% Ca 2+ ) sample is shown in Figure 6 . The observed bands, peaking at 360 nm and 380 nm, are characteristic of Ce 3+ luminescence. The Ca 2+ exhibited little or no change in the peak fluorescence emission for 370 nm excitation. Fluorescence spectra indicate that the Ca 2+ dopant is suitable for strengthening CeBr 3 . The emission wavelength spectrum peaks at ~372 nm (Figure 6 ), indicating a nearly imperceptible red shift from the 370 nm already documented for CeBr 3 [8] . The peak emission wavelength for the CeBr 3 sample is at ~370 nm and this emission is anticipated to be due to 5d→4f transition of Ce 3+ . The peak emission wavelength of 372 nm for CeBr 3 :Ca 2+ is attractive for gamma-ray spectroscopy because it matches well with the spectral response of the photomultiplier tubes as well as new generation of silicon photodiodes. Figure 6 . Emission spectra are shown for both 2% (red) and 500 ppm Ca 2+ (blue). The emission spectra peak at ~372 nm. There is essentially no change by increasing the Ca 2+ content.
Gamma-Ray Total Light Yield
Light output (or luminosity) of the CeBr 3 :Ca 2+ and similarly sized NaI:Tl crystals have been measured at RMD. Total light yield was compared to NaI:Tl by first recording a 137 Cs spectrum with a CeBr 3 :Ca 2+ sample, then replacing the CeBr 3 :Ca 2+ with NaI:Tl and recording a new 137 Cs spectrum with the same system settings. Spectra were collected for both the doped CeBr 3 :Ca 2+ crystal and a NaI:Tl crystal. Samples of doped CeBr 3 :Ca 2+ were submerged in oil and/or coupled to the photocathode of a PMT. Then the detector system was irradiated with 662 keV photons ( 137 Cs source) to record pulse height spectra using standard Nuclear Instrumentation Module (NIM) electronics. A similar experiment was then performed with a calibrated NaI:Tl crystal under the same operating conditions. The NaI:Tl crystal was wrapped with a Teflon tape, coupled to a PMT. Comparison of the 662 keV gamma-ray peak position recorded with CeBr 3 :Ca 2+ and the NaI:Tl scintillators ( Figure 7 ) provided an estimate of the light output of CeBr 3 :Ca 2+ . Compared to NaI:Tl, the doped CeBr 3 :Ca 2+ ingots produced a full energy peak 1.7 times higher. Light output is estimated by comparison to the known NaI:Tl to be approximately ~58,000 photons/MeV. The light output of NaI:Tl used for comparison was assumed to be 38,000 photons/MeV. Comparison of the measured spectra is shown in Figure 7 . Scintillation spectroscopy has thus far indicated the doped crystals still excel over conventional NaI:Tl, despite the fact that total light yield analysis appears to indicate a loss in light production in the measured samples.
Gamma-Ray Scintillation Spectroscopy
Gamma ray spectroscopy has also been performed with CeBr 3 :Ca 2+ crystals grown at RMD by coupling them to a PMT. The scintillator (2% Ca 2+ ) was irradiated with a 137
Cs source (662 keV photons) and the resulting spectrum is shown in Figure 7 . Referring to Figure 7 , the energy resolution of the 662 keV photopeak was measured to be 3.2% FWHM at room temperature. Such high energy resolution has never before been achieved with any of the established inorganic CeBr 3 scintillators (even in small sizes) at room temperature. Figure 7 also shows a 137 Cs spectrum recorded with NaI:Tl. Energy resolution of NaI:Tl crystal was measured to be 6.7% (FWHM). Thus, the energy resolution of CeBr 3 :Ca 2+ is twice as good as that for typical NaI:Tl detectors. Higher light output and proportionality of CeBr 3 :Ca 2+ (compared to NaI:Tl and other inorganic scintillators) are responsible for high energy resolution obtained with those crystals. It is important to note that energy resolution of CeBr 3 :Ca 2+ at 662 keV gamma-ray energy is starting to approach that of room-temperature semiconductor detectors such as CdTe and CdZnTe of similar size. The energy resolution is not presently understood. The energy resolution at 662 keV appears to be much better than that typical of CeBr 3 [18] . (Figure 7) was measured for Ca 2+ -doped CeBr 3 . Energy resolution at 662 keV appears to be better than the undoped CeBr 3 . This result compares favorably with LaBr 3 :Ce, considering that LaBr 3 :Ce also has considerable internal self-activity. A lesson learned is that 1.9% calcium is too much to incorporate into CeBr 3 . Many dopants have yet to be fully tested, let alone used at differing concentrations. Future work will focus on completing measurements of the as-grown doped ingots and determining the solid solubility limit for each dopant investigated.
